Photophysics of polymer-wrapped single-walled carbon nanotubes by Gao, J & Loi, M.A.
  
 University of Groningen
Photophysics of polymer-wrapped single-walled carbon nanotubes
Gao, J; Loi, M.A.
Published in:
The European Physical Journal B - Condensed Matter and Complex Systems
DOI:
10.1140/epjb/e2009-00420-0
IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
2010
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Gao, J., & Loi, M. A. (2010). Photophysics of polymer-wrapped single-walled carbon nanotubes. The
European Physical Journal B - Condensed Matter and Complex Systems, 75(2), 121-126.
https://doi.org/10.1140/epjb/e2009-00420-0
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 12-11-2019





Photophysics of polymer-wrapped single-walled carbon
nanotubes
J. Gao and M.A. Loia
Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
Received 3 September 2009 / Received in ﬁnal form 12 October 2009
Published online 8 December 2009 – c© EDP Sciences, Societa` Italiana di Fisica, Springer-Verlag 2009
Abstract. Single-walled carbon nanotubes (SWNTs) are successfully dispersed in two conjugated polymer
poly(9,9-dioctylﬂuorenyl-2,7-diyl) (PFO) and poly[2-methoxy-5- (2’-ethyl-hexyloxy)-1,4-phenylene viny-
lene] (MEHPPV) solutions. Steady-state and time-resolved photoluminescence spectroscopy in the near-
infrared and visible spectral regions are used to study the interaction of the dispersed carbon nanotube and
the wrapped polymer in the nano-hybrids. The SWNTs infrared emission is the signatures of the separa-
tion of single semiconducting tubes, the lifetime of the photoluminescence of these tubes is bi-exponential
with the ﬁrst component varying from 6 ps (in MEHPPV wrapped SWNTs) to 14 ps (in PFO wrapped
SWNTs), while the second component of the decay for all samples is in the range of 30−40 ps, revealing
the intrinsic lifetime of the SWNTs. The study of the photoluminescence of the nano-hybrids in the visible
spectral range shows, in the case of the PFO, a relatively strong quenching, the photoluminescence lifetime
for the hybrid is more than 100 ps shorter than the one of the pristine polyﬂuorene solution. For the
MEHPPV-SWNT hybrid an opposite behavior is revealed with the photoluminescence lifetime surpris-
ingly longer than the polymer solution. The possible mechanism for the interaction of the two conjugated
polymers and the SWNTs is discussed in terms of their electronic band structure.
PACS. 78.67.Ch Nanotubes – 81.07.-b Nanoscale materials and structures: fabrication
and characterization
1 Introduction
Single-walled carbon nanotubes (SWNTs) are hollow
cylinders composed by carbon atoms that have remained
at the forefront of nanotechnology research for two
decades [1–3]. Individual SWNTs exhibit robustness and
high thermal and chemical stability but their outstanding
physical properties are strongly dependent on their diam-
eter and chirality that are determined by the wrapping
direction of the graphene sheet. One third of the carbon
nanotubes produced with the standard synthetic proce-
dures is metallic while the rest are semiconducting [4,5].
In SWNTs as in all one-dimensional systems the den-
sity of states (DOS) displays sharp peaks called van Hove
singularities, the optical transitions between these singu-
larities are allowed and determine the photophysical prop-
erties of the carbon nanotubes. Due to the strong tendency
of carbon nanotubes to aggregate and to form bundles the
ﬁrst optical studies had a limited success in disclosing the
intrinsic properties of these one-dimensional objects. The
optical absorbance exhibited inhomogeneous broadening
due to the mixing of electronic band of diﬀerent SWNTs
composing the bundles. Moreover, no or very weak ﬂu-
orescence could be observed from the bundles contain-
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ing metallic SWNTs, which provide eﬃcient non-radiative
pathways for the photoexcitations. In 2002, O’Connell
et al. [6], succeeded to disperse SWNTs by using as sur-
factant sodium dodecyl sulfonate (SDS), this ﬁrst experi-
ment opened the way for deep photophysical studies aimed
to the understanding of the fundamental properties of
SWNTs. Later on, many materials have been used for
the dispersion of carbon nanotubes including surfactants
like sodium dodecylbenzene sulfonate (SDBS) [7], sodium
salts of deoxycholic acid (DOC) [8], sodium cholate, single-
stranded DNA [9], etc. Several methods including elec-
trophoretic separation, chromatography and density gra-
dient ultracentrifugation were explored to obtain selective
dispersion [10–12]. Recently, π-conjugated polymers have
been proved to be excellent candidates for the disper-
sion and selective separation of semiconducting single-
walled carbon nanotubes [13]. Among the polymers used
for this purpose polyﬂuorene and its derivates showed
unique selectivity [13]. Moreover, new photophysical prop-
erties are expected for these one dimensional polymer-
SWNTs hybrid systems that might have potential for
future nanophotonics and nanophotovoltaic device appli-
cations.
In this work we report about the photophysical prop-
erties of the polymer-SWNTs hybrids with emission both
in the visible (from the polymer) and in the near infrared
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(from the SWNTs) spectral range. A narrow diameter dis-
tribution and a low content of metallic tubes are obtained
starting from a Comocat SWNTs mixture, thanks to the
interaction with the polymer chains. After removal of the
isolated polymer, the dispersion was studied by means of
steady-state and time-resolved photoluminescence spec-
troscopy. The intrinsic lifetime of SWNTs is found to be
in the range of 30−40 ps. The photoluminescence of the
wrapped PFO showed faster decay (268 ps) compared to
the one of the polymer solution (380 ps). The origin of
the quenching of the PL intensity is discussed in term of
Fo¨rster resonant energy transfer. At the opposite than in
the PFO case the photoluminescence decay of the wrapped
MEHPPV is slower than the one of the pristine solution
indicating a diﬀerent mechanism for the interaction of this
polymer with the SWNTs.
2 Experimental section
The polymers poly(9,9-dioctylﬂuorenyl-2,7-diyl) (PFO)
and poly[2-methoxy-5- (2’-ethyl-hexyloxy)-1,4-phenylene
vinylene] (MEHPPV) were purchased from Sigma Aldrich.
The Comocat SWNTs were purchased from Southwest
Nanotech. All the materials were used as received. The
carbon nanotube powders were dispersed in the polymer
solution in the ratio of 1 mg SWNTs: 3 mg polymer in
6 ml toluene and sonicated for about 6 h in an ultra-
sonic bath. After sonication the solution was centrifuged
at 4000 rpm for 5 min. The supernatant solution was taken
for the measurements. To wash out the isolated polymer,
the solution was ﬁltered through a 100 nm Teﬂon ﬁlter
and rinse with toluene several times till no photolumines-
cence emission (PL) was detected from the ﬁltrate [14].
Finally, the ﬁlter was steeped in toluene and mildly son-
icated for about 10 min, yielding to a SWNTs-enriched
solution with minimal polymer residue. For the steady-
state and time resolved photoluminescence measurements,
the solutions were excited by a 150 fs pulse Kerr mode
locked Ti-sapphire laser, at 760 nm or doubled at 380 nm.
The steady-state PL of the SWNTs was measured with
an InGaAs detector and the one of the polymer with
a Si-CCD detector. The time-resolved PL of the hybrid
was recorded by two Hamamatsu streak cameras work-
ing in synchroscan mode, one with a photocathode sensi-
tive in the visible and the other in the near infrared spec-
tral range. All the measurements were performed with the
samples at room temperature.
3 Results and discussion
The absorbance and photoluminescence spectra of the
SWNTs dispersion in the two polymer solutions are shown
in Figures 1a, 1b and 1c, 1d, respectively. The charac-
teristic absorption spectra in the wavelength range from
500 to 1600 nm corresponds to the ﬁrst and second van
Hove transitions (E11, E22) of semiconducting nanotubes.
Both the absorption and the PL spectra of SWNTs dis-
persed with PFO and MEHPPV appear to be red-shifted
of 12−19 nm compared to the spectra measured for sam-
ples in aqueous-based surfactant dispersions. Such a red
shift is attributed to the diﬀerent dielectric constant of
the environment [15]. The PL spectrum of the polymer-
wrapped SWNTs shows good matching with the absorp-
tion spectra, with a Stokes shift of less than 6 meV. In the
PFO dispersion (Fig. 1a), the low absorbance background
and the narrow absorption peaks matching the E11 transi-
tion of semiconducting SWNTs demonstrate that the sam-
ple is composed by individual SWNTs and eventually of
very small semiconducting bundles. From the absorption
spectrum the solution contains mainly 5 kinds of small
nanotubes with high chirality, namely the (7,5), (7,6),
(8,6), (8,7), (9,7). The high selectivity of the PFO disper-
sion appears to be due to the strong interaction between
the polymer chain and the SWNTs [16]. In the case of the
SWNTs wrapped with MEHPPV (Fig. 1b) the absorbance
background intensity is much higher than in the PFO
case and the spectrum emerges as less-resolved. Moreover,
the PL intensity of the SWNTs wrapped with MEHPPV
(Fig. 1d) is more than one order of magnitude lower than
the one of the hybrids prepared with PFO (Fig. 1c). Both
data indicate the presence in the MEHPPV dispersion of
residual nanotubes bundles. This is also consistent with
the faster decay of the PL for this sample as is discussed
in detail below. Unlike the high selectivity shown by the
PFO dispersion, the MEHPPV dispersion shows limited
selectivity. The dissimilar aﬃnity of the two polymers for
the SWNTs is to be attributed to the diﬀerent structure
and chain conformation in solution [17].
The photoluminescence decay of the (7,5) SWNTs ex-
cited at 760 nm is shown in Figure 2 in blue and red
for the PFO and the MEHPPV dispersion, respectively.
The decay in both cases can be accurately ﬁtted with a
bi-exponential function. In the PFO dispersion, the de-
cay is composed by a fast component with time constant
of ∼14 ps and a slow component of ∼35 ps. For the
MEHPPV-based dispersion the ﬁrst component has a de-
cay of ∼6 ps and the second has, as in the case of the PFO
dispersion, a decay time of ∼32 ps. The faster decay time
observed in the MEHPPV dispersion is attributed to the
energy transfer between adjacent tubes located in small
bundles [18].
Previously, several authors reporting measurements
performed with techniques such as pump-probe and
time resolved PL have shown similar lifetimes for
SWNTs [19–21]. The ﬁrst fast component of the decay can
be attributed to the high non-radiative losses of the pho-
toexcited exciton population through several pathways.
One of the most relevant of these pathways is towards the
intrinsic ‘dark’ excitonic states that are supposed to be lo-
cated between few to hundreds of milli-electron-volts be-
low the ‘bright’ exciton state [22]. Others quenching sites
can be identiﬁed in the wall defects and in the tube ends,
in the case of the bundles, new opportunities for non-
radiative pathways are opened thanks to the inter-tube
interaction.
The long decay component of about 35 ps represents
the intrinsic lifetime of SWNTs. In the literature values in
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Fig. 1. (Color online) Absorbance (black curves) and photoluminescence (red curves) spectra of SWNTs dispersed in diﬀerent
polymer/toluene solutions: (a) absorbance of the PFO-wrapped SWNTs (b) absorbance of the MEHPPV-wrapped SWNTs. (c)
PL spectrum of the PFO-wrapped SWNTs (d) PL spectrum of the MEHPPV-wrapped SWNTs. The PL spectra are normalized
at their maximum intensity. The chemical structures with the respective names of the polymer are shown at the bottom.












Fig. 2. (Color online) PL decay of the (7,5) SWNT dispersed
with PFO (blue curve) and with MEHPPV (red curve). The
intensity is normalized at t = 0 and the samples were excited
at 760 nm.
the range between 20 ps to 200 ps have been reported by
using diﬀerent kinds of nanotubes and separation meth-
ods [23,24]. In order to demonstrate the universal lifetime
of the Comocat SWNTs used in our experiments, diﬀer-
ent dispersions in aqueous solutions were produced by fol-
lowing the same procedure reported previously and us-
ing as surfactants SDS, SDBS, DOC and single-stranded
DNA. The measured lifetime of the SWNTs in all the
cases is in the range of 30−40 ps, consistently with our
measurements on polymer-wrapped tubes and with previ-
ous reports for small diameter SWNTs [25]. Other kinds
of SWNTs like the Hipco (high pressure CO conversion)
from Carbon Nanotechnologies, Inc or PLV (Pulsed Laser
Vaporization) ones from Chengdu Organic Chemicals Co.
Ltd were also studied. Noteworthy, the PL decay of similar
tubes synthesized with these methods and the Comocat
are diﬀerent. Such broad range of lifetimes points out to
the fact that there are extrinsic factors such as impuri-
ties and defects that determine the exciton decay. We
can safely exclude in our case the eﬀect of the sample
124 The European Physical Journal B

























































Fig. 3. (Color online) Steady-state and time-resolved PL of the polymer wrapped around the SWNTs and the polymer solution:
(a) PL spectra of the PFO solution and of the PFO-SWNTs hybrid. (b) PL decay of PFO and of the PFO-SWNTs hybrid at
450 nm. (c) PL spectra of the MEHPPV solution and of the MEHPPV-SWNTs hybrid. (d) PL decay of MEHPPV and of the
MEHPPV-SWNTs hybrid at 630 nm.
preparation (in particular the sonication) because all the
samples have been treated in the same way.
Figure 3 shows the steady state and time-resolved
photoluminescence of the PFO and MEHPPV interact-
ing with the SWNTs after removal of the residual poly-
mer from the solution. The PFO wrapped around the
SWNTs shows better resolved PL spectrum than that
of the polymer solution (Fig. 3a). The appearance of
this sharp vibronic progression can be ascribed to the
rigid conformation assumed by the polymer chain around
the carbon nanotubes. Recent molecular dynamics sim-
ulations indicate that two conformations are possible
for the PFO chains in this composite [17,26], one in
which the side chains are wrapped around the tube, the
other with the polymer backbone attached to the carbon
nanotube walls through π−π interaction. In both cases,
the carbon nanotube is tightly caged by the polymer
chain, while only the second conﬁguration agrees with
the experimental ﬁnding of a more resolved photolu-
minescence spectrum. The photoluminescence decay of
the PFO wrapped around the SWNTs shows a mono-
exponential behavior with a lifetime τ = 268 ps, that
is more than 100 ps shorter than that of the poly-
mer solution (τ = 380 ps) (Fig. 3b). This result ev-
idences the interaction of the two components of the
nano-hybrid and could be explained by an energy trans-
fer or a charge transfer from the polymer to the car-
bon nanotube. Between these two possible mechanisms
the energy transfer from the excited donor to the accep-
tor by non radiative coupling between the dipoles ap-
pears more possible [27]. The conditions necessary to
allow the energy transfer are (i) the overlap between
the emission spectrum of the donor and the absorbance
of the acceptor, (ii) a short distance between the donor
and the acceptor and (iii) the transition dipoles oriented
in the same direction. Considering that the Fermi level
of the (7,5) SWNTs is around 4.7 eV [28], the low energy
tail of the ﬂuorescence emission of PFO and the higher ab-
sorption transition of the nanotube are at the same energy
and the heterojunction between PFO and the (7,5) tube
results to be of type 1. Moreover, the distance between the
wrapped polymer and the nanotube can be easily assumed
to be less than 10 nm.
In Figure 3c are reported the PL spectra of the
MEHPPV-SWNTs hybrid and of MEHPPV in solution.
The PL spectra of the MEHPPV appear to be modiﬁed by
the interaction with the carbon nanotube showing a redis-
tribution of the PL intensity and a new emission shoulder
in the high energy portion of the spectra. The PL decay of
the nano-hybrid (shown in Fig. 3d) is surprisingly slower
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Fig. 4. (Color online) Steady-state and time-resolved PL of the MEHPPV wrapped around SWNTs bundles: (a) PL spectra
of the MEHPPV wrapped around SWNTs bundles and MEHPPV solution. (b) PL decay of MEHPPV-SWNTs bundles and
MEHPPV solution.
than that of polymer in solution with a mono-exponential
lifetime of 293 ps. Such a long lifetime can be rational-
ized as coming from a more delocalized excited state in
the nano-hybrid than in the polymer chain in solution.
Although the band oﬀset between the highest occupied
molecular orbital (HOMO) of MEHPPV and the valence
band of the semiconducting carbon nanotubes [29] is such
to be considered a type 2 heterojunction and consequently
to favor the electron transfer from the photoexcited poly-
mer to the SWNTs the experimental results demonstrate
that this is not happening, at least for the (7,5) nanotubes.
Previous works showed that by adding SWNTs into an
MEHPPV-based organic light-emitting diode the device
electroluminescence resulted to be strongly quenched [30].
In order to explain these results that seem to be in contra-
diction with our experiments on the MEHPPV-wrapped
SWNTs, we have analyzed the sediment resulting from
the centrifugation. The sediment of the polymer-SWNT
solution, at the opposite of the supernatant, consists of
polymer-wrapped big carbon nanotubes bundles and var-
ious kind of heavy impurities. The steady-state and time-
resolved PL of the polymer present in this sample are
reported in Figures 4a and 4b, respectively. The pho-
toluminescence spectra of the polymer-bundles are sim-
ilar to the one of the polymer solution with a weak in-
tensity redistribution that can be eventually attributed
to a diﬀerent chain conformation. The PL decay of the
polymer-bundles shows a bi-exponential behavior with a
fast component of 21 ps and a slow one of 240 ps, the
last approaches the lifetime of the pristine polymer that is
about 275 ps. Since the big bundles of carbon nanotubes
have a very high chance to contain metallic tubes, the
system can be safely regarded as a polymer-metallic wire
composite. On the light of this last result we speculate
that the PL quenching of MEHPPV by SWNTs reported
in previous works [31] is mainly due to the presence of
metallic tubes. It is important to underline that the avail-
ability of samples enriched of semiconducting tubes, as the
one here reported, allows shedding light not only on the
properties of carbon nanotubes but also on their interac-
tion with others systems.
4 Conclusion
Polymer-wrapped single-walled carbon nanotubes were
prepared with two diﬀerent conjugated polymers showing
diﬀerent aﬃnity for Comocat tubes. These hybrid systems
were used to obtain a sample enriched of semiconducting
SWNTs and measure their intrinsic lifetime that is found
to be in the range of 30−40 ps. In the SWNTs dispersion
with PFO, the ﬂuorescence of the polymer is quenched due
to the energy transfer towards the nanotube. Conversely,
in the case of MEHPPV the PL decay became slower in-
dicating the formation of a more delocalized excited state
in the composite. The quenching of the MEHPPV photo-
luminescence is observed when the polymer is in contact
with bundles of SWNTs owing to the presence of metallic
nanotubes.
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